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Mutational Analysis of the Charge
Selectivity Filter of the a7 Nicotinic
Acetylcholine Receptor
receptor from Torpedo electric organ with channel
blockers (Giraudat et al., 1986; Hucho et al., 1986; Ped-
ersen and Cohen, 1990; White and Cohen, 1992), to-
gether with mutagenesis of the affinity-labeled amino
acids or their homologs in muscle-type 2a1b1gd receptor
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the M2 membrane-spanning segment of all subunits asInstitut Pasteur
contributing to the pharmacological site for ion channel25 rue du Docteur Roux
blockers. The pattern of labeling supports a model ac-75724 Paris Cedex 15
cording to which: (1) the ion channel blocker±bindingFrance
site is located along the axis of pseudosymmetry of the²DeÂ partement de Physiologie
five M2 segments organized in a barrel-like structure;FaculteÂ de MeÂ decine
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and (3) the M2 segment is coiled into an a helix (reviewedSwitzerland
in Galzi and Changeux, 1995). These conclusions were
further supported by the substituted cysteine accessibil-
ity method (SCAM) developed to map the residues ac-Summary
cessible to charged organic reagents (Akabas et al.,
1994). Moreover, site-directed mutagenesis experi-In the a7 nicotinic acetylcholine receptors, we analyze
ments carried out within or in the vicinity of M2 unambig-the contribution of mutations E237A and V251T, to-
uously implicated this segment in ion transport proper-gether with the proline insertion P2369, in the conver-
ties (Imoto et al., 1986). Mutations of muscle-type and/sion of the charge selectivity from cationic to anionic.
or neuronal a7 receptors at the level of the rings ofWe show that the triple mutant exhibits spontaneous
negatively charged residues located at both ends of M2openings displaying anionic selectivity. Furthermore,
and referred to as ªinner,º ªintermediate,º and ªouterºat position 251, hydrophilic or even negatively charged
negative rings (corresponding to a7 D234, E237, andresidues are compatible with an anionic channel. In
E258) (Imoto et al., 1988; Kienker et al., 1994) or affectingcontrast, the additional proline yields an anionic chan-
polar (corresponding to a7 S240 and T244) (Leonard etnel only when inserted between positions 234 and 237;
al., 1988; Villarroel et al., 1991, 1992) or even hydropho-insertion before 234 yields a cationic channel and after
bic amino acids (corresponding to a7 L247 and V251)238 alters the receptor surface expression. The coiled
(Revah et al., 1991; Bertrand et al., 1993) within M2234±238 loop thus directly contributes to the charge
altered channel conductance and, in some cases, the
selectivity filter of the a7 channel.
selectivity among monovalent (Konno et al., 1991; Co-
hen et al., 1992) or divalent cations (Bertrand et al.,
Introduction 1993). Also, electron microscopy of Torpedo receptor
revealed structural features at 9 AÊ resolution within
Ligand-gated ion channels are allosteric membrane pro- the transmembrane domains (Unwin, 1993) in both the
teins (Changeux and Edelstein, 1998) that transduce the closed and open conformations (Unwin, 1995), and the
binding of specific agonists into the opening of selective five rods arranged around the axis of rotational symme-
channels through which ions passively diffuse across try of the receptor molecule were tentatively assigned
the cell membrane. From one neurotransmitter receptor to the M2 segments. These data are summarized in
to another, a wide range of ionic selectivities are Figure 1.
observed that determine their individual physiological Comparison of the M2 sequences and their flanking
actions. Among these channel-linked receptors, the su- regions within the superfamily of ligand-gated ion chan-
perfamily of phylogenetically related receptors for ace- nels revealed minor though striking differences between
tylcholine/nicotine (nAChR), glycine (GlyR), g-aminobu- the homooligomeric cationic chick a7 nAChR and an-
tyric acid (GABAAR), and serotonin (5-HT3R) have been ionic glycine a1 receptor (Galzi et al., 1992), thus paving
intensively investigated for several decades, but funda- the way for the identification of the charge selectivity
mental questions concerning gating and selectivity re- filter of the ion channel. In a first step, the amino acids
main unresolved (Karlin and Akabas, 1995; Le NoveÁ re assumed to face the lumen of the ion channel were
and Changeux, 1995; Lindstrom, 1996; Role and Berg, transferred from the glycine a1 receptor into the a7
1996). receptor (Table 1). The resulting construct, a7-1, was
Affinity labeling of the membrane-bound muscle-type found to possess an anion-selective channel gated by
acetylcholine. Then, all the amino acids that did not
contribute to the conversion of ionic selectivity were³ To whom correspondence should be addressed (e-mail: changeux@
eliminated. The minimal set of mutations sufficient topasteur.fr).
confer anionic selectivity was found located by Galzi et# Present address: UniteÂ Propre de Recherche CNRS 9050, Ecole
al. (1992) at the level of (1) one ring of hydrophobicSupeÂ rieure de Biologie de Strasbourg, boulevard SeÂ bastien Brant,
67400 Illkirch, France. amino acids (V251T) and (2) two rings of amino acids
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(numbering according to chick a7 nAChR; see Figure 1
and a7-2 in Table 1). Subsequently, the same set of
mutations was shown to convert the selectivity of the
homooligomeric 5HT3 receptor from cationic to anionic
(Gunthorpe et al., 1994).
In the present paper, we analyze the contribution of
each of these three types of mutations to the conversion
of ionic selectivity by site-directed mutagenesis of the
a7 receptor expressed in Xenopus oocytes. Our results
provide evidence that the cytoplasmic border of M2
critically contributes to the charge selectivity filter of the
ion channel. On the basis of these findings, we propose,
by analogy with the voltage-gated potassium channel
(Doyle et al., 1998), a hypothetical but plausible model
for the functional architecture for the nAChR ion channel.
Results
Mutations Required for Anionic SelectivityFigure 1. Schematic Representation of the Ion Channel of the a7
The results of the mutational analysis initially performednAChR
by Galzi et al. (1992) are summarized in Table 1. TheThe contribution of two subunits is shown to illustrate the ion chan-
nel, which is actually formed by each M2 segments of the five sub- three mutations present in a7-2 constitute the minimal
units of the pentamer. Residues symbolized as spheres and num- set of mutations conferring anionic selectivity. Indeed,
bered along the axis of symmetry are believed to face the lumen of removing the P2369 insertion in a7-2 resulted in the
the ion channel. The three mutations required for the conversion of cation-selective receptor a7-6, whereas eliminating ei-
the ionic selectivity are shown in boxes (P2369, E237A, V251T). The
ther the E237A (a7-8) or the V25IT (a7-3) yielded non-stretch linking the M1 and M2 segments is shown here to include
functional receptors. This indicates that each mutationL231 to K238 symbolized as triangles (Le NoveÁ re et al., 1999). Part
of the M1 segment is also shown. The upper part of M2 (dark portion) contributes in a different manner to the conversion of
is shown as an a helix. For the lower part (light portion), no definite ionic selectivity. First, the P2369 insertion must be asso-
secondary structure is proposed since controversy still exists be- ciated with the two other mutations in order to generate
tween the currently accepted a-helical model and secondary struc- a functional channel, and, in addition, its presence ap-
ture predictions that assign this portion as a b strand (see Discus-
pears to be incompatible with a cationic channel. Wesion) (Le NoveÁ re et al., 1999).
propose to refer to the proline insertion as ªexclusiveº
for anionic selectivity. Second, the E237A and V251T
located at the N-terminal (cytoplasmic) end of the M2 mutations are fully compatible with a functional cationic
transmembrane segment: the intermediate ring of charged channel, either when introduced together (a7-6) or alone
residues (E237A) and the insertion of a proline between (a7-5 and a7-4, respectively). We propose to refer to
these mutations as ªpermissiveº for anionic selectivity.positions 236 and 237, referred to here as position 2369
Table 1. Three Mutations Are Required to Convert the a7 nAChR Channel from Cationic to Anionic
Selectivity
Imax (nA) EC50 Cationic/
Type Sequence ACh-Evoked (mM) nH Anionic
M1 M2
234 237 258
↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓
nAChR a7 WT ALLVFLLPADSG-EKISLGITVLLSLTVFMLLVAE 630 115 1.4 C
GlyR a1 WT SWISFWINMDAAPARVGLGITTVLTMTTQSSGSRA ND ND ND A
nAChR a7-1 ------------PA--G----------T--SG--N 210 (120) 0.24 1.6 A
nAChR a7-2 ------------PA-------------T------- 230 (114) 0.23 1.8 A
nAChR a7-3 ------------PA--------------------- 0 ND ND ND
nAChR a7-4 ------------_--------------T------- 5500 0.63 2.0 C
nAChR a7-5 ------------_A--------------------- 130 194 1.4 C
nAChR a7-6 ------------_A-------------T------- 2900 (1522) 0.98 2.0 C
nAChR a7-7 ------------P---------------------- 20 ND ND ND
nAChR a7-8 ------------P--------------T------- 0 ND ND ND
Residues indicated by arrows in the chick a7 sequence correspond to those that are believed to face the lumen of the ion channel, bold
residues correspond to mutations introduced in the wild type a7 subunit, and underlined residues indicate insertions. The current amplitude,
EC50, nH, and ionic selectivity are given for the ACh-evoked currents and are taken from Galzi et al. (1992), except for (1) the current amplitude
of a7-1, a7-2, and a7-6, which were reinvestigated herein and given in parenthesis, and (2) the new a7-8 mutant (18 oocytes with no ACh
response).
ND, not determined.
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Figure 2. Comparison of the a7-2 and a7-6
Mutants and Analysis of the Effects of Muta-
tions at Amino Acid 251
(A and B) Agonist (ACh) and antagonist (MLA)
evoked currents on oocytes expressing the
a7-6 (E237A/V251T) and a7-2 (P2369/E237A/
V251T) receptors. Application of saturating
concentrations of ACh (100 mM) evokes a
steady state current with little desensitization
for both receptors. The holding current in the
absence of effectors is higher than the usual
leak current of the oocytes (typically 230 to
260 nA), especially in the case of the a7-2
receptor. Application of a high concentration
of MLA (1 mM) rapidly reduces a significant
fraction of this current (corresponding to
MLA-inhibited currents). Bars indicate the
time of ligand application.
(C and D) ACh dose response curves of the
a7-6 (C) and a7-2 (D) receptors. Each square
represents the mean current value of at least
three experiments normalized to maximum
and minimum values. Triangles indicate the
total currents (leak 1 ACh evoked) normal-
ized to maximum values. The EC50s and nHs
values corresponding to the best fits ob-
tained with the empirical Hill equation are
given in Table 1. Solid lines through data
points correspond to the best fits obtained
with the Monod-Wyman-Changeux model,
using the parameters given in the Experimen-
tal Procedures. Arrows indicate the respec-
tive values of: (a) the ACh-evoked current; (b)
the MLA-inhibited leak current; and (c) the
MLA-insensitive leak current. In Figure 2C,
error bars were within the symbol size and
therefore not represented.
(E and F) For a7-6 (E) and a7-2 (F), ACh-
evoked currents (ACh, 100 mM) are plotted
against the amount of [125I]a-Bgtx binding,
given in fmol/oocyte. Lines through the data
points were obtained by linear regression.
(G) Current±voltage (I±V) relationships for
ACh-evoked (ACh, 100 mM; squares) and
MLA-inhibited (MLA, 1 mM; triangles) currents
for the a7-2 receptor, recorded first under
control conditions (left) and after exchang-
ing 90% of external NaCl by mannitol (right).
Note that the ACh-evoked and MLA-inhibited
currents display identical reversal potentials
under both conditions. Lines through the
data points correspond to the fits with the
Goldmann-Hodgkin-Katz equation postulat-
ing that chloride is the single permeant ion
(Hodgkin and Huxley, 1952). The parameters used correspond, respectively, to chloride permeability and internal and external ion concentration
(in mM). Control: ACh-evoked 0.22, 20, 92; MLA-inhibited 0.042, 20, 92. Mannitol: ACh-evoked 0.22, 20, 9.5; MLA-inhibited 0.072, 20, 9.5.
(H) Plot of the reversal potential values as a function of external chloride concentration for the ACh-evoked currents of mutants combining
P2369/E237A and V251T (a7-2) or V251S (a7-9) or V251H (a7-11) or V251D (a7-12). Reversal potentials were measured from the I±V curves
as illustrated in Figure 2G (92, 50.5, 19.75, and 9.5 mM external chloride) after substitution of chloride with mannitol. Each point represents
the mean value of at least three experiments (see also Table 3). The solid lines correspond to the theoretical Nernst prediction with only
chloride as a permeant ion.
Spontaneous Channel Openings a7, as shown by the sustained electrophysiological re-
sponse following a 4 s application of ACh (Figures 2Aof a7-2 and a7-6 Receptors
We first reinvestigated the electrophysiological proper- and 2B); (2) a greater than 100-fold decrease in EC50 for
ACh (0.98 and 0.23 mM for a7-6 and a7-2, as comparedties of the critical mutants a7-6 and a7-2. We verified
that, as compared to the wild-type a7 receptor (WT), to 115 mM for the wild-type receptor [Table 1 and Figures
2C and 2D]); and (3) a significant increase in the coopera-these mutations result in a ªgain-of-function pheno-
type,º characterized by: (1) an important loss of desensi- tivity of the dose response curves (2.0 and 1.8 for a7-6
and a7-2, as compared to 1.4 for the wild-type receptortization of the response to ACh compared to wild-type
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[Table 1]). These phenotypes have been shown to result
mainly from the V251T mutation (Devillers-ThieÂ ry et al.,
1992; Galzi et al., 1992, 1996).
The P2369 exclusive mutation is also associated with
a large decrease in the maximal ACh-evoked currents
per oocyte, 1522 nA and 114 nA for a7-6 and a7-2,
respectively (Table 1). To investigate whether this de-
crease is due to a loss of receptor protein expression,
we determined in parallel the amount of a7-6 and a7-2
receptors expressed on the oocyte surface by measur-
ing [125I]a-bungarotoxin ([125I]a-Bgtx) binding and ACh-
evoked currents. Figures 2E and 2F show that a sat-
isfactory correlation exists between the number of
[125I]a-Bgtx-binding sites and the maximal amplitude of
the ACh-evoked current. The two receptors are ex-
pressed at similar levels but elicit currents of different
amplitudes, resulting in normalized ACh-evoked cur-
rents of 40 and 1.5 mA/fmol for a7-6 and a7-2, respec-
tively. This decrease could thus result either from a de-
crease in unitary conductance of the ion channel or from
an altered gating efficacy.
We observed that oocytes injected with a7-2 dis-
played leak currents of much higher amplitude than
those expressing the wild-type a7 receptor. Application
of the competitive antagonist methyllycaconitine (MLA)
at a high concentration (1 mM) produced a significant
decrease of this current (Figure 2B). This indicates, as
previously demonstrated in the case of the L247T recep-
tor mutant (Bertrand et al., 1997), that at least part of
the leak current is due to the spontaneous opening of
nicotinic receptor channels. The currents observed
upon expression of a7-2 can thus be classified in three
types: (a) the ACh-evoked current, with a mean maximal
amplitude of 114 nA; (b) the MLA-inhibited leak current,
with a mean maximal amplitude of 32 nA; and (c) the
MLA-insensitive leak current, with a mean amplitude of
321 nA (Table 2 and Figure 2D; see also Figure 2B), to
which must be subtracted the intrinsic leak of the oo-
cytes that is typically in the range of 230 to 260 nA at
a holding potential of 2100 mV. In the case of a7-6, the
leak current represents a much smaller fraction of the
total current, with 1522, 54, and 135 nA for the ACh-
evoked, MLA-inhibited, and MLA-insensitive currents,
respectively (Table 2 and Figure 2C; see also Figure 2A).
In this work, we did not further investigate the MLA-
insensitive leak current since we could not identify either
a competitive or a noncompetitive inhibitor that could
allow its isolation from the intrinsic leak current of the
oocyte.
A complete analysis of these channels requires the
measurement of the selectivities of both the ACh-
evoked and MLA-inhibited currents. Replacing NaCl
(control) by mannitol for a7-2 shifts the reversal potential
(Erev) of the ACh-evoked currents toward positive val-
ues, from 237 to 116 mV (squares in Figure 2G), a result
consistent with an anionic channel according to the
Nernst relation (Galzi et al., 1992). We verified that the
Erev remain unchanged in the presence of the calcium
chelator BAPTA, indicating that the chloride currents
are not due to the opening of the endogenous calcium-
activated chloride channels of the oocyte (data not
shown). Identical experiments were performed on a sub-
set of the anionic receptors described herein, and in
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every case the Erev was found to be independent of
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the presence or absence of BAPTA (see Experimental in the P2369E237A receptor (a7-14), yielded a functional
Procedures). Interestingly, Figure 2G shows that identi- receptor selective to anions (Table 3). This further sup-
cal dependencies on external ion composition were ob- ports an indirect contribution of the V251T mutation to
served for both the MLA-inhibited leak current (triangles) the conversion of ionic selectivity.
and the ACh-evoked current (squares), showing that In contrast, when V, C, Y, and A occupy position 251,
both currents are anionic (Table 2). In the case of a7-6, along with the P2369E237A mutations (corresponding
the ACh-evoked currents have been shown to be cat- to a7-3, a7-24, a7-25, and a7-26, respectively; Tables
ionic (Galzi et al., 1992). Similarly, the Erev of the MLA- 1 and 4), the ACh-evoked currents were very small or
inhibited leak current was not significantly affected by not detectable and the leak current ranged within the
the replacement of NaCl with Na gluconate but shifted intrinsic leak of the oocyte. However, for a7-24 and
toward negative values following the substitution by a7-25, a significant amount of [125I]a-Bgtx binding was
mannitol, from 234 mV to 282 mV (Table 2), a result observed at the oocyte surface (Table 4). This indicates
consistent with a cationic selectivity. Overall, these ex- that no dramatic alteration of receptor expression oc-
periments demonstrate that a significant fraction of the curred and suggests that the introduction of either C or
a7-2 and a7-6 receptors spontaneously open in the ab- Y at position 251 prevents normal functioning of the
sence of agonist and are modulated by MLA. The MLA- receptor, possibly by altering the activation process or
inhibited and ACh-evoked currents display the same by decreasing the intrinsic conductance of the ion
ionic selectivity. Thus, the conversion of ionic selectivity channel.
from cationic to anionic equally affects the spontaneous
and ACh-evoked currents. Positions 234 and 238 as Borders for the Exclusive
Effect of Proline Insertion
Indirect Contribution of the Permissive The key mutation for the conversion of ionic selectivity
V251T Mutation is the insertion of a proline at the cytoplasmic end of
To further evaluate the contribution of residue 251 to M2. Several plausible mechanisms may underlie the
the chloride conductance, we introduced at this position conversion of the ionic selectivity caused by the proline
a series of residues in combination with P2369 and insertion. An extra residue at this position could have
E237A (Table 3). Introduction of different amino acid conformational effects. Proline is known to facilitate
side chains (T, S, N, H, D, and K, corresponding to conformational changes via cis±trans isomerization of
a7-2, a7-9, a7-10, a7-11, a7-12, and a7-13, respectively) the peptide bond and to disrupt secondary structure
confers a phenotype similar to that of the a7-2 receptor, motifs. The resulting conformational reorganizations
that is, channels displaying both ACh-gated and leak may either be limited to the neighboring amino acids or
currents, the ACh-gated currents being anionic as dem- propagate into the M2 segment that lines the ion pore.
onstrated by sodium gluconate and mannitol substitu- To evaluate these possibilities, the locus of insertion
tion experiments. Furthermore, as shown in Figure 2H was systematically investigated in combination with the
for mutations V251T, S, H, and D (a7-2, a7-9, a7-11, and permissive E237A and V251T mutations.
a7-12), the plots of the Erev as a function of the external As shown in Table 3, insertion of a proline residue at
chloride concentration on a semilogarithmic scale yield
either position 2349 (a7-16), 2369 (a7-2), or 2379 (a7-17)
straight lines that are readily fitted by the Nernst equa-
resulted in functional receptors displaying comparable
tion. This indicates that the Erev is dictated by the exter-
current amplitudes and anionic selectivity. Insertion ofnal chloride concentration without detectable contribu-
the proline upstream at position 2339 (a7-15 in Table 3)tion of other ions.
yielded an unusual phenotype. The time course of theWe also investigated the leak currents resulting from
currents presented in Figure 3A shows that the receptorthe injection of the V251N, D, and K mutants (a7-10,
is activated by MLA and inhibited by high concentrationsa7-12, and a7-13) (Table 2). Application of MLA on oo-
of ACh and that high leak currents are present. Prolinecytes expressing these constructs revealed that a7-10
insertion at 2339 thus profoundly alters the allostericand especially a7-12 displayed MLA-inhibited current of
transitions of the receptor molecule. However, a de-higher amplitude than their corresponding ACh-evoked
crease in Erev was found for both the ACh-inhibited andcurrents, whereas no MLA-inhibited current was ob-
MLA-evoked currents when external NaCl is substitutedserved for the a7-13 mutant (Table 2). This illustrates
by mannitol (Tables 2 and 3). This indicates that thisthat mutations at position 251 modulate the fraction of
mutant is permeable to cations. In addition, the de-spontaneously open versus activatable populations of
pendances of the Erev as a function of the externalreceptors. For the a7-10 and a7-12 mutants, the MLA-
concentration of sodium for the ACh-inhibited currentsinhibited leak currents were found to display the same
are shown in Figure 3B. The straight line representedanionic selectivity as the ACh-evoked current (Table 2).
was computed with a Goldmann-Hodgkin-Katz equationAltogether, these data demonstrate that the V251T mu-
assuming only a permeability for sodium and potassiumtation can be replaced by a series of hydrophilic muta-
(see figure legend). Any additional permeability wouldtions yielding in all cases anionic channels. In particular,
cause a less steep slope of the curve. Note that chloridethe observation that mutants V251D and V251K both
dependency would cause an inversion of the slope. Thisdisplay an anionic selectivity, despite a possible elec-
cationic selectivity contrasts with the one of a7-16,tronic repulsion with aspartate, suggests that the side
where the proline insertion is performed at position 2349.chain does not interact directly with the permeant chlo-
This construct displays a typical a7-2 type pharmacol-ride ion. We also tested whether mutations at other
ogy, with both the ACh-evoked and MLA-inhibited cur-positions could substitute for the permissive V251T mu-
tation. Interestingly, we found that the L247T mutation rents being carried by chloride ions (Figures 3C and 3D;
Neuron
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Table 4. [125I]a-Bgtx Binding of Nonfunctional Mutants
[125I]a-Bgtx Binding Imax
Type Sequence (fmol/oocyte) (nA)
234 238 251
↓ ↓ ↓
a7±2 ADSGPAKI-----------T 0.19 6 0.03(34) 114 6 11(38)
a7±24 ADSGPAKI-----------C 0.08 6 0.03(8) 0(8)
a7±25 ADSGPAKI-----------Y 0.16 6 0.07(8) 0(8)
a7±26 ADSGPAKI-----------A ND 14 6 2(7)
a7±27 ADSGPAKI----QVLLSLTV ND 0(8)
a7±28 ADSGAKPI-----------T 0.02 6 0.002(10) 0(22)
a7±29 ----AKISLGPITVLL---T 0.03 6 0.001(11) 0(22)
a7±30 AADSGAKI-----------T 0.03 6 0.001(11) 0(8)
a7±31 ADASGAKI-----------T 0.05 6 0.005(11) 0(8)
a7±32 ----AKISLGAITVLL---T ND 0(31)
a7±33 ----AKISLGITVALL---T ND 15 6 2(15)
a7±34 ADSGPAKISLGI_VLLSLTT ND 0(30)
a7±35 ADSGPAKISLGIT LLSLTT ND 0(12)
a7±36 ADSGPAKISLGITVLLSL T ND 0(13)
a7±37 ANSGPAQI-----------T 0.04 6 0.005(10) 0(24)
a7±38 AASG AKI-----------T 0.04 6 0.002(12) 3(2)
Noninjected oocyte 0.03 6 0.02(10)
On the sequences, bold residues correspond to mutations introduced in the a7 subunit, and underlined residues indicate insertions. Each
value represents the mean of n recordings (n in parenthesis) performed on different oocytes.
ND, not determined.
Tables 2 and 3). Thus, the single inversion of the proline 3). Both the ACh-evoked and MLA-inhibited leak cur-
rents of a7-18 were found to be anionic by reversalposition in the amino acid sequence DP to PD, in combi-
nation with the permissive E237A and V251T mutations, potential analysis (Figure 3F). Overall, these data do
not support a conformational reorganization of the M2no longer gave the conversion of ionic selectivity. We
propose that D234 acts as an anchoring point within segment as a mechanism for the cationic to anionic
conversion (Figure 3G).the loop structure, beyond which the conformational
reorganization does not propagate, as illustrated in Fig-
ure 3E. Mutational Analysis of the 234±238 Loop
Since we showed that K238 does not contribute to theOn the other hand, insertion of the proline downstream
to position 2379 (at 2389 [a7-28] and 2429 [a7-29]) or, chloride conductance, we investigated the putative role
of the other residues of the 234±238 loop by alanine-alternatively, of alanine at position 2429 (a7-32) or 2449
(a7-33) (Table 4) resulted in nonfunctional receptors, for scanning mutagenesis on the a7-2 construct (with a
234±238 loop sequence DSGPAK). We found that thewhich no ACh-evoked or MLA-inhibited leak currents
could be detected. Moreover, no [125I]a-Bgtx binding a7-2 receptor with mutations D234A (or D234N), S235A,
and G236A yielded functional receptors with anioniccould be detected at the surface of oocytes injected
with the a7-28 and a7-29 constructs (Table 4). This indi- ACh-evoked currents (corresponding to a7-20, a7-19,
a7-21, and a7-22, respectively; Table 3). A significantcates that insertions within the M2 segment alter the
expression of the protein. We also tested a simple mech- reduction of both the ACh-evoked and leak currents was
however observed in the case of the a7-21 and a7-22anism whereby the proline insertion produces an ªen
blocº shift of the M2 segment by one residue. Such receptors. Mutant P2369A had previously been shown
not to alter significantly the ionic selectivity of a7-2 (Galzireorganization of M2 would expose the side chain of an
amino acid located at position i-1 to the lumen of the et al., 1992). This shows, together with the observation
that the proline residue can be inserted at almost anychannel to confer anionic selectivity. We thus combined
in the E237A/V251T construct, the proline insertion at position within this loop, that the nature of each individ-
ual amino acid within this loop is not critical for anionposition 2369 together with a downstream deletion at
the level of residues T244 (a7-34), V245 (a7-35), and selectivity, even though the mutations S235A and G236A
resulted in decreased currents.T250 (a7-36) (Table 4). None of these constructs yielded
detectable ACh-evoked or significant leak currents in We also tested whether the proline insertion could be
substituted by an alanine insertion. Along with the E237Aoocytes.
Another feature of the cytoplasmic border of M2 is the and V251T, the alanine insertions A2349 (a7-30) and
A2359 (a7-31) (Table 4) gave no ACh-evoked or leakpresence of a lysine at position 238. A conformational
reorganization could bring this positively charged side currents after injection in the oocytes. Furthermore, no
surface [125I]a-Bgtx-binding site were found for thesechain toward the ion pathway and thereby confer the
anionic selectivity. However, we found that the anionic mutants. Finally, we examined the ring of charged resi-
dues carried by the 234±238 loop, since early investiga-selectivity of the channel was not reversed by the elimi-
nation of the charge at position 238. Indeed, in the case tions suggested their contribution to the ionic selectivity.
For the a7-2 receptor, we have shown that the D234of the typical anionic channel a7-1, the substitution
K238Q (a7-18) had no effect on ion permeability (Table and K238 rings of charged residues could be mutated
Neuron
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Figure 3. Analysis of Mutations at the Borders of the 234-238 Loop
(A and C) ACh- and MLA-gated currents on receptor combining mutations E237A/V251T and P2339 (a7-15) or P2349 (a7-16). Note that a7-15
is activated by MLA and inhibited by ACh, in contrast to a7-16, which displays a typical a7-2-like pharmacology.
(B and D) Reversal potential values as a function of external chloride concentration for the ACh-inhibited and ACh-evoked currents of mutants
a7-15 and a7-16, respectively. I±V curves were determined in the presence of 92, 50.5, 19.75, and 9.5 mM external chloride, after substitution
of NaCl by mannitol. Each point represents the mean value of at least three cells. Error bars were within the symbol size and therefore not
represented.
(B) The increase of reversal potential observed under low NaCl conditions for a7-15 can be explained only by a reduction of the driving force
for the sodium ions. Indeed, both Na and Cl are substituted in these experiments. The solid line was drawn according to the Goldmann-
Hodgkin-Katz equation (58 ´ log ([Na]ext 1 PK/PNa ´ [K]ext/15 mM (Na int) 1 PK/PNa [K]int) with PK/PNa 5 1.3.
(D) the solid line, drawn according to the Nernst equation for chloride channel fits readily the data obtained for the a7-16 mutant.
(E) Schematic representation illustrating that D234 (symbolized as a triangle) may act as an anchoring point within the M1±M2 loop structure.
Insertion of a proline residue before D234 does not result in the conversion in ionic selectivity and is suggested here to alter structural elements
distant from the lumen of the ion channel (upper panel). In contrast, insertion at position 2349 converts the ionic selectivity, and its effects
are schematically shown to propagate toward the lumen of the channel (lower panel).
(F) Current±voltage (I±V) relationships for both the ACh-evoked (ACh, 100 mM; squares) and MLA-inhibited (MLA, 1 mM; triangles) currents for
the a7-18 receptor, in which the lysine residue of a7-1 (K238) is mutated to a glutamine (see Table 3). I±V curves measured first under control
conditions and after exchanging 90% of external NaCl by mannitol are shown. Lines through the data points correspond to the Goldmann-
Hodgkin-Katz equation postulating that chloride is the single permeant ion (Hodgkin and Huxley, 1952). The parameters used correspond,
respectively, to chloride permeability and internal and external ion concentration (in mM). Control: ACh-evoked 0.22, 32, 92; MLA-inhibited
0.012, 32, 92. Mannitol: ACh-evoked 0.14, 32, 9.5; MLA-inhibited 0.01, 32, 9.5.
(G) Schematic representation of the bottom of the M2 segment with the position of K238 and its putative position following the proline P2369
insertion. This scheme illustrates that the proline insertion (open circles) might reorient the lysine K238 side chain toward the interior of the
channel, with the movement shown by circles of increasing shading. The absence of effect of the K238Q mutation, however, eliminates this
possibility.
to A (or N) and Q, respectively, giving anionic channels detectable effect on the electrophysiological properties
of the receptor. In contrast, no surface expression was(Table 3). We, however, found that mutating both rings
at the same time (a7-37) impaired the surface expression observed when the two positions were mutated into
alanine (a7-38 in Table 4). This shows that some muta-of the protein (Table 4). Similarly, in the case of the
cationic V251T receptor (a7-4), the mutation E237A tions within the 234±238 loop, such as the removal of
the two rings of charged residues or the insertion of(a7-6) resulted in a cationic channel with a 1.9-fold de-
crease in the maximal ACh-evoked current (Table 1). alanine residues, also dramatically alter the surface ex-
pression of the receptor.The mutation of the inner ring D234A (a7-23) had no
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Discussion Mutations at two distant regions, one within M2 and
the others at its cytoplasmic border, are required to
Within the family of ligand-gated ion channels, cation- obtain an anionic channel. The present analysis indi-
selective channels, such as the nAChRs, weakly discrim- cates that mutations within M2, at position 251 or 247,
inate between monovalent cations (Adams et al., 1980). are not directly involved in this mechanism since (1)
For instance, the a7 neuronal receptor displays a perme- alone, the V251T mutation is compatible with a cationic
ability ratio PNa/PK of 0.5 (Bertrand et al., 1993). Similarly, channel and (2) the introduction of polar or even posi-
the anion-selective members, the glycine and GABAA tively or negatively charged residues instead of the V251
receptors, weakly discriminate among monovalent an- or L247 (along with P2369 and E237A) always results in
ions (Bormann et al., 1987). The present work aims at anionic channels. In contrast, at the cytoplasmic border
the identification of the specific regions that determine of M2, the proline must be inserted between positions
the charge selectivity of such physiologically important 2349 and 2379 to yield a functional anionic channel. When
receptors. inserted at position 2339, the channel remains cationic,
suggesting that position 234 may act as an anchoring
Pleiotropic Effect of Mutations Conferring point beyond which the conformational reorganization
Anionic Selectivity resulting from the insertion does not propagate. In con-
The cationic and anionic receptors described herein dis- trast, insertion after position 238 altered the protein ex-
play a gain-of-function (see Changeux and Edelstein, pression. Interestingly, the data obtained by SCAM
1998) phenotype as compared to the wild-type a7 recep- strongly argue in favor of a conservation of the functional
tor, characterized by (1) a dramatic reduction of the architecture of the M2 segment among anion- and cat-
desensitization, (2) a shift of the ACh dose response ion-selective receptors. In particular, the residues of M2
curve toward lower concentrations, and (3) the occur- that are accessible to the cysteine reactive reagents
rence of spontaneous openings in the absence of ago- through the lumen of the channel are homologous, for
nist that can be inhibited by MLA. This latter aspect had the a and b subunits of the muscle-type nAChR (Akabas
already been studied in detail on the L247T a7 receptor et al., 1994; Zhang and Karlin, 1998) and for the a1
mutant (Revah et al., 1991). On the L247T mutant, MLA subunit of the anion-selective GABAA receptor (Xu and
acts as a competitive antagonist and closes the sponta- Akabas, 1993; Karlin and Akabas, 1995; Xu et al., 1995),
neous leak current possibly through stabilization of the in agreement with previous models based on affinity
closed activatable state of the protein (Bertrand et al., labeling (Galzi and Changeux, 1995). These data thus
1997). We found here that these spontaneous leak cur- support the notion that insertions within the 234±238
rents are dramatically increased when the proline is in- loop do not alter to a large extent the orientation of the
serted within the 234±238 loop. Furthermore, in all cases M2 segment. This is consistent with our finding that
tested, the spontaneous currents and the ACh-evoked any insertion, or combined insertion/deletion performed
currents were found to be carried by the same ions. This within the M2 segment does not allow protein expres-
supports the view that both types of currents can be sion. Indeed, the M2 segment is expected to be con-
generated by the same allosteric state of the receptor strained by tertiary interactions occurring at the level of
protein. In agreement with this notion, we found that the transmembrane segments. Together, these consid-
the different phenotypes of a7-6 and a7-2 are readily erations favor the view that the conversion in ionic selec-
explained assuming that the protein is in equilibrium tivity results from a local structural reorganization in the
between only two states, a basal (B) and an active (A) vicinity of the proline insertion.
state, and that a single difference in the isomerization
constant between the two states occurs between a7-6
Possible Location of the Charge Selectivity Filterand a7-2. The parameters, derived from the concerted
Permeability studies have shown that for endplatemodel of Monod-Wyman-Changeux (Monod et al., 1965;
nAChR the narrowest part of the channel fits at least aEdelstein et al., 1996) are presented in the Experimental
6.5 3 6.5 AÊ wide square to accommodate the largeProcedures and the corresponding fits in Figures 2C
ions known to permeate. A similar conclusion has beenand 2D.
reached with anionic channels, for GABAA and glycine
receptors, with a minimal diameter of 5±6 AÊ (reviewedA Conversion in Ionic Selectivity as a Result
in Hille, 1992). Since the Pauling diameters of sodiumof a Local Reorganization in the Vicinity
ions and chloride ions are 1.9 and 3.6 AÊ , respectively,of the Proline Insertion
and water molecules have an approximately 3 AÊ diame-The contribution of the anionic versus cationic conduc-
ter, these rather wide pores may accommodate partiallytances on five representative anionic mutants gave in
but not fully hydrated ions. This indicates that, at theeach case a predominant ionic selectivity, without de-
level of the narrowest part of the channels, at least partialtectable contribution of the counter ions, according to
dehydration of the ions should occur via interaction withthe Nernst equation. In the case of cationic receptors,
the channel walls. Mapping of the binding site for chan-the typical a7-6 mutant was found to display a perme-
nel blockers, which enter the ion channel but are tooability PK/PCl 5 0.05 (Bertrand et al., 1993). These findings
large to permeate, indicates that the narrowest part ofsupport the notion that the mutations switch the selec-
the open channel is closer to the intracellular compart-tivity from cationic to anionic, rather than progressively
ment than the residues homologous to a7T244 (Giraudatincrease the anionic versus cationic permeabilities of
et al., 1986). Furthermore, since the unitary conductancethe channel. This feature likely reflects a radical struc-
of the channel was found to be inversely related to thetural reorganization of the channel region specifically
involved in the charge selection. volume of the amino acid introduced at this position
Neuron
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(Imoto et al., 1991; Villarroel et al., 1991; Cohen et al.,
1992; Wang and Imoto, 1992; Villarroel and Sakmann,
1992), this ring of polar residues, as well as the interme-
diate ring of charged residues, was proposed to form
the narrow channel constriction on the muscle-type re-
ceptor. Also, decreasing the net charge of the intermedi-
ate ring of charged residues was found to significantly
decrease the conductance for cations (Imoto et al.,
1988). Recently, the SCAM method has been used to
identify amino acids involved in the gate of the ion chan-
nel. By applying cysteine-reactive reagents both intra-
cellularly or extracellularly, together with reagents of
different chemical structures, the authors located the
gate between residues G240 and T244 of the muscle-
type a1 subunit (Wilson and Karlin, 1998). Their homo-
logs in a7 are G236 and S240. Our results, which show
that the proline has to be inserted within the 234±238
region to switch the ionic selectivity, together with the
notion that the narrowest part of the ion channel is lo-
cated within or at the vicinity of this region, support
the conclusion that this segment directly interacts with
the permeant ions and contributes at least in part to the
Figure 4. Speculative Representation of the Functional Architecturecharge selectivity filter of the ion channel. The present
of the a7 Ion Channelstudy thus extends the analysis to the N-terminal flank-
The secondary structure of the M1 and M2 segments and the M1±M2ing region of the M2 segment. The main core of the
loop is taken from the predictions of Le NoveÁ re et al. (1999). Lighttransmembrane ion pathway would indeed consist of a
spheres correspond to some of the residues affinity labeled bybundle of M2 a helices (Adcock et al., 1998; Tikhonov
channel blockers. The two predicted b strands at the cytoplasmic
and Zhorov, 1998), but the charge selectivity filter would border of M1 and M2 (represented as a ribbon) are tentatively shown
also comprise part of the 234±238 segment that is pre- to interact with each other. This forms a ªb hairpinº±like structure,
which orientates the 234±238 loop toward the lumen of the channel.dicted to adopt a coiled conformation (Le NoveÁ re et al.,
We arbitrary located the 234±238 loop at the cytoplasmic border of1999).
M2. Alternatively, the 234±238 loop could be located closer to the
transmembrane portions and reach the level of the S240 ring of
Differential Contribution of the 234±238 Loop polar residues. The two rings of negatively charged residues (D234
to Anionic and Cationic Channels and E237) are shown as dark spheres. The 234±238 loop, in which
the proline insertion reverses the ionic selectivity, is shown in gray.The 234±238 loop is proposed to contribute defined
Functional analogy with the voltage-gated ion channel supports thechemical groups for the dehydration of specific ions. In
notion that the upper part of the channel acts as a ªwater pore.ºthe case of anionic channels, we found that no charged
residue, especially K238, contributes to the ion perme-
ation. This contrasts with synthetic peptides corre-
electronegative chemical groups toward the lumen ofsponding to the M2 segment incorporated into artificial
the channel. Possible candidates are the carbonylmembranes, where the sign of the external ring of
groups of the peptide backbone, in which case the se-charged residues was found to determine the charge
lectivity filter would be analogous to that of the voltage-selectivity (Oblatt-Montal et al., 1993; Reddy et al., 1993).
gated potassium channels (Doyle et al., 1998). However,Furthermore, the requirement of the E237A mutation to
site-directed mutagenesis experiments point to a roleobtain an anionic channel is fully consistent with the
of the rings of charged residues in the conductanceidea that this region lies near or even is in contact with
properties of the muscle-type receptor (approximatelythe permeant chloride ion. The putative electropositive
a 2-fold reduction in unitary conductance when a singlefeatures at the level of the 234±238 loop may be contrib-
charge is removed such as dE255Q [Imoto et al., 1988]).uted by hydrogen atoms of the hydroxyl group of a
It is noteworthy that the mutation of the full intermediateserine residue (a7-16, a7-2, and a7-17 in Table 3) and/
ring E237A, either on the wild-type a7 or V251T recep-or of the NH groups of the peptide backbone. Our results
tors, also results in a 3- to 5-fold decrease in the maxi-indicate that the precise nature of each individual side
mally ACh-evoked currents. The relatively weaker effectchain is not critical in anion permeation. This favors the
of the mutations in a7 as compared to muscle-typeview that the permeating ion interacts with the peptide
receptor may be due in part to the fact that E237A, inbackbone of the 234±238 loop. In this case, chloride
addition to removing the net charge, also reduces thedehydration would be achieved through interactions
volume of the side chain, a feature that tends to increasewith the electropositive hydrogen atoms of NH groups.
the unitary conductance (Konno et al., 1991).The conformation of the loop would thus be critical to:
(1) free the NH groups from putative hydrogen-bonding
interactions and (2) to organize the NH groups in the Functional Analogy with Voltage-Gated
Potassium Channelsright geometry for an efficient interaction with anions.
In the case of cationic receptors, the 234±238 loop in The contribution of a coiled loop to the selectivity filter
is reminiscent of some features of the voltage-gatedwhich no extra residue is inserted is expected to bring
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and glutamate-gated ion channel structures, where the Conclusion
Our results are consistent with the notion that a regionselectivity filter consists of a set of so-called P loops that
protrude into a widely open channel pore (MacKinnon, located at the cytoplasmic border of the M2 transmem-
brane segment, the 234±238 loop, contributes to the1995). The structure of the voltage-gated potassium
channel from Streptomyces lividans has been recently charge selectivity filter of nAChR. Such a structural fea-
ture may be shared by several ion channels, includingresolved by X-ray analysis at 3.2 AÊ (Doyle et al., 1998).
It comprises two functionally and structurally different the glutamate- and voltage-gated ion channels as well
as porins (MacKinnon, 1995). Previous site-directed mu-regions. First, a transmembrane a-helical component
composed of the four hydrophobic inner a helices. It tagenesis studies revealed that mutations of the equato-
rial rings of hydrophobic residues such as L247T re-behaves as a water pore through which ions diffuse in
a fully hydrated form, thus lowering the energy barrier sulted in spontaneous channel openings (Bertrand et
al., 1997). This feature could be attributed to an alteredpredicted for a nonhydrated ion in the low dielectric
medium of the membrane. Second, a so-called ªpore gating process taking place in the desensitized confor-
mation of the receptor (Revah et al., 1991). We showregionº component involved in the specific dehydration
of the permeant cations through the contribution of three here that mutations at the cytoplasmic border of M2,
that is, a proline insertion within or near the 234±238residues GYG folded in an extended conformation. This
component is located close to the extracellular compart- loop, dramatically increase the spontaneous openings
of the channel. This loop has also been shown to consti-ment. Whereas no sequence homologies exist between
the nAChR and the voltage-gated channel superfamilies, tute a barrier to charged organic reagents from either
side of the membrane, in the closed activatable B stateone may speculate that the ion channel of a7 displays
a functional organization analogous to that of the potas- of the protein (Wilson and Karlin, 1998). This supports
a putative role of the 234±238 loop in both the gatingsium channel but with an inverted disposition: the selec-
tivity filter would be located at the cytoplasmic side of of the B state of the receptor and its ionic selectivity.
The 234±238 loops of each subunit would thus occludethe a-helical region.
Recently, a secondary structure prediction was per- the channel in the closed-activatable conformation of
the protein and would rearrange in the open state toformed on a representative set of sequences from the
ligand-gated ion channel superfamily using several create a cavity designed for an efficient dehydration and
permeation of specific ions. Structural studies at atomicthird-generation algorithms (Le NoveÁ re et al., 1999). Ac-
cording to this prediction, the upper part of M2 would resolution of the open and closed conformations of the
nAChR channel are thus needed to progress further inbe coiled into an a helix, whereas a small portion of the
lower part, from residues 239 to 243 would adopt a b the understanding of the ion channel function and its
regulation by ACh.strand configuration. Furthermore, the lower part of the
M1 transmembrane segment is also predicted to adopt
a b strand configuration, suggesting that two b strands Experimental Procedures
are bordering the M1±M2 coiled loop. Figure 4 shows a
Site-Directed Mutagenesishypothetical attempt to represent the charge selectivity
Site-directed mutagenesis was performed on the chick a7 cDNA infilter of the channel, in the context of these secondary
the Bluescript KS1 vector (Stratagene) containing the promoter andstructure predictions and of the putative functional anal-
the polyA from SV40 virus, using the ªoligonucleotide-directed in
ogy with the potassium channel. vitro mutagenesis systemº (Amersham) as previously described (Re-
This hypothetical scheme offers clues to understand- vah et al., 1991) and, more recently, the ªSculptor in vitro mutagene-
ing the permissive character of the V251T (or equivalent) sis systemº (Amersham).
mutation in the cationic to anionic conversion of the
channel. Indeed, the nonfunctional character of the Oocyte Preparation
Xenopus oocytes were prepared, injected, and recorded as pre-P2369/E237A (a7-3) mutant could result either from an
viously described (Bertrand et al., 1991). Once isolated, each cellaltered activation process or from a nonconducting ion
was intranuclearly injected with 2 ng of expression vector cDNA.channel. In the former case, the V251T mutation, which
Oocytes were then placed in 96-well microtiter plates (NUNC) atresults in a gain-of-function phenotype would be re- 188C. BARTH solution used to store the oocytes consists of 88 mM
quired to reveal the functional state of the anionic chan- NaCl, 1 mM KCl, 2.4 mM NaHCO3, 10 mM HEPES, 0.82 mM MgSO4,
nel. In the latter case, the substitution of the valine by 0.33 mM Ca(NO3)2, 0.41 mM CaCl2 (pH 7.4 adjusted with NaOH), and
of 100 U/ml penicillin.a polar or charged amino acid would be necessary to
facilitate the diffusion of the large hydrated chloride ion.
ElectrophysiologyThis would be consistent with SCAM experiments on
Oocytes were used for experiments 2±4 days after cDNA injections.muscle-type nAChR, which suggest that negatively
They were placed in the recess of a small chamber and continuouslycharged reagents added extracellularly do not penetrate
superfused with physiological medium. Solutions flowed by gravity
the channel deeper than the ring of valine residues corre- at a rate of approximately 6 ml/min, and exchange was performed
sponding to a7V251 (Akabas et al., 1994). The structural by the activation of computer-driven electromagnetic valves (Type
change permitting the diffusion of the hydrated chloride III, General Valve, Fairfield, NJ). Electrophysiological recordings
were performed with a two-electrode voltage-clamp (GENECLAMPion could result in either a subtle reorganization of the
amplifier, Axon Instruments, Forster City, CA). Electrodes wereclassical open state of the ion channel or to the occur-
made out of borosilicate glass, pulled with a BB-CH-PC puller (Mec-rence, as proposed for the L247T mutation (Revah et
anex, Switzerland), and filled with a filtered 3 M KCl solution. OR2
al., 1991; Galzi et al., 1996), of a new allosteric state of was used in control experiments as a bath solution (82.5 mM NaCl,
the receptor protein resembling a desensitized state 2.5 mM KCl, 5 mM HEPES, 2.5 mM CaCl2, and 1 mM MgCl2 [pH 7.4
adjusted with NaOH]).with a channel here permeable to anions.
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